Ibrahim GM, Anderson R, Akiyama T, Ochi A, Otsubo H, SinghCadieux G, Donner E, Rutka JT, Snead OC 3rd, Doesburg SM. Neocortical pathological high-frequency oscillations are associated with frequency-dependent alterations in functional network topology. J Neurophysiol 110: 2475-2483. First published September 4, 2013 doi:10.1152/jn.00034.2013.-Synchronization of neural oscillations is thought to integrate distributed neural populations into functional cell assemblies. Epilepsy is widely regarded as a disorder of neural synchrony. Knowledge is scant, however, regarding whether ictal changes in synchrony involving epileptogenic cortex are expressed similarly across various frequency ranges. Cortical regions involved in epileptic networks also exhibit pathological high-frequency oscillations (pHFOs, Ͼ80 Hz), which are increasingly utilized as biomarkers of epileptogenic tissue. It is uncertain how pHFO amplitudes are related to epileptic network connectivity. By calculating phase-locking values among intracranial electrodes implanted in children with intractable epilepsy, we constructed ictal connectivity networks and performed graph theoretical analysis to characterize their network properties at distinct frequency bands. Ictal data from 17 children were analyzed with a hierarchical mixed-effects model adjusting for patient-level covariates. Epileptogenic cortex was defined in two ways: 1) a hypothesis-driven method using the visually defined seizure-onset zone and 2) a data-agnostic method using the highfrequency amplitude of each electrode. Epileptogenic cortex exhibited a logarithmic decrease in interregional functional connectivity at high frequencies (Ͼ30 Hz) during seizure initiation and propagation but not at termination. At slower frequencies, conversely, epileptogenic cortex expressed a relative increase in functional connectivity. Our findings suggest that pHFOs reflect epileptogenic network interactions, yielding theoretical support for their utility in the presurgical evaluation of intractable epilepsy. The view that abnormal network synchronization plays a critical role in ictogenesis and seizure dynamics is supported by the observation that functional isolation of epileptogenic cortex at high frequencies is absent at seizure termination.
functions (Engel and Singer 2001; Gray et al. 1989 ). Oscillatory activity occurs across multiple spatiotemporal scales. The slower the rhythm, the wider the window of opportunity for synchronization and the greater the spatial extent of synchrony, because synaptic and axonal conductance delays are less limiting (Buzsaki 2006) . Accordingly, high-frequency oscillations have been associated with local neuronal interactions, whereas rhythms at slower frequencies are more relevant for longdistance integration (Donner and Siegel 2011; von Stein and Sarnthein 2000) .
Epilepsy is widely considered a disorder of neural synchrony within specific networks (Engel et al. 2013; Nair et al. 2004) . A greater emphasis has recently been placed on understanding specific network abnormalities associated with epilepsy in order to develop novel treatment strategies and minimize the morbidity of existing options, such as surgical treatment. For example, removal of brain regions expressing abnormal highfrequency network interactions has been associated with postsurgical seizure suppression (Wilke et al. 2011) . Cortical regions involved in epileptic networks have been reported to generate pathological oscillations at high-frequency bands [pathological high-frequency oscillations (pHFOs), Ͼ80 Hz] (Akiyama et al. 2005 (Akiyama et al. , 2011 Jacobs et al. 2008; Jirsch et al. 2006; Levesque et al. 2011; Ochi et al. 2007) . Animal models have shown that pHFOs precede clinical seizures following an epileptogenic injury (Bragin et al. 2000) and that a larger area of cortex expressing pHFOs is associated with higher seizure frequency (Bragin et al. 2003) . Furthermore, pHFOs are increasingly employed in presurgical mapping of the epileptogenic zone, and resection of cortical regions expressing pHFOs has been associated with improved postsurgical outcome (Akiyama et al. 2011; Jacobs et al. 2010; Ochi et al. 2007) . While clinical applications of pHFO biomarkers are rapidly advancing, the mechanisms of pHFO generation remain poorly understood and their relationship to the reorganization of epileptic network synchrony remains unclear. Understanding the relationship between pHFOs and frequency-dependent phase synchrony is particularly important, given the putative role of out-of-phase or jittered firing of neural assemblies in the pathophysiology of pHFOs (see for review Jefferys et al. 2012) . The association between pHFOs and cortical dynamics known to control network organization of the brain may also elucidate novel mechanisms underlying the expansion and synchronization of pHFO activity, which has been proposed to result in spontaneous seizure activity (see for review .
In the present study, we tested the hypotheses that functional connectivity of epileptogenic cortex during seizures is frequency dependent and that the expression of pHFOs by regions involved in epileptic networks is associated with specific connectivity patterns. We calculated phase synchrony among intracranial electroencephalographic (iEEG) electrodes implanted in children with medically intractable epilepsy and used graph theoretical analysis to characterize the involvement of individual electrodes in cortical networks. Correlations were evaluated between the mean pHFO envelope amplitude of each electrode and its associated cortical network topologies, as indexed by graph-measured properties within each frequency range. We subsequently evaluated whether the expression of pHFOs by regions involved in epileptic networks is associated with specific connectivity patterns. A time-resolved analysis was performed to evaluate changes in the association between pHFO expression and topographic functional connectivity as seizures progress and terminate.
METHODS

Patient Population
iEEG recordings were obtained from 17 children undergoing invasive monitoring at the Hospital for Sick Children for surgical treatment of lesional medically refractory localization-related epilepsy in whom the lesion was suggestive of or confirmed to be focal cortical dysplasia on histopathology (Table 1) . The Hospital for Sick Children Research Ethics Board approved this study. Since review of clinical and electrophysiological data was performed retrospectively, participant consent was waived. The median number of electrodes was 111 per patient (range 68 -122). The technique of subdural grid implantation and extraoperative mapping of epileptogenic cortical regions has been described previously (Benifla et al. 2009 ). We used subdural grids of 4-mm-diameter electrodes embedded in a silicone elastomer sheet with interelectrode distances ranging from 8 to 10 mm as well as strip and depth electrodes. Patients underwent digitally recorded intracranial video-EEG using a Harmonie system (Stellate, Montreal, QC, Canada) with a sampling rate of 1 kHz and antialiasing filter at 300 Hz (Butterworth, Ϫ20 dB/oct) applied prior to sampling. An averaged reference was selected by clinical electrophysiologists from two channels in a relatively inactive area of the grid. The common reference was chosen because it is routinely applied to clinical acquisitions for presurgical evaluations designed to capture frequencies ranging from delta to pHFOs (up to 300 Hz) (Akiyama et al. 2011; Jacobs et al. 2010; Ochi et al. 2007) . To ensure that choice of reference did not bias synchrony measures, we also digitally rereferenced the multichannel ECoG to a common average and performed a post hoc reanalysis of the data (not shown), which was consistent with our findings with the common electrode reference.
Ictal events of variable length were selected by a clinical electrophysiologist on the basis iEEG tracings. The seizure-onset zone (SOZ) was defined by the electrodes with the earliest ictal discharges. The iEEG sections were exported as European Data Format Plus (EDFϩ) files (Kemp and Olivan 2003) and imported into MATLAB software (The MathWorks, Natick, MA) for subsequent analyses. The seizure segments (beginning, middle, and termination) were derived by extracting nonoverlapping 10-s recordings at the beginning, middle, and end of the seizure. If seizure duration was Ͻ30 s, the first, middle, and last 10% of the seizure were used, respectively.
Interelectrode phase synchronization. To construct synchronization networks, we first measured interelectrode phase synchronization between all pairs of electrodes within each implanted grid for each segment of the ictal period for each seizure at each analyzed frequency [delta (0 -4 Hz), theta (4 -8 Hz), alpha (7-14 Hz), beta (13-32 Hz), gamma (36 -80 Hz), ripple (80 -150 Hz), and fast ripple (180 -300 Hz) bands]. Phase synchronization was chosen as a measure of interelectrode coupling since it has been described as a putative mechanism for long-range neuronal integration, supporting network formation and interregional communication (Fries 2005) . Band-pass filtering was performed in the filter design and analysis (FDA) toolbox of MATLAB (a sample 1-s interval is shown in Fig. 1B ). Instantaneous phases and amplitudes [(t) and A(t) , respectively] were then obtained by calculating the analytic signal of the filtered waveform, f(t), during each ictal epoch, where f˜(t) is the Hilbert transform of f(t), as follows:
Phase synchronization between each pair of electrodes within each frequency band was calculated from the instantaneous phase time series (Fig. 1C) and quantified with phase-locking values (PLVs) (Lachaux et al. 1999 ). PLVs range from 0 (random phase difference) to 1 (maximum phase-locking) and represent the consistency of interelectrode phase relations across time.
We also averaged the instantaneous amplitude of the signal of each electrode above 80 Hz to index ripple and fast ripple magnitude, hereafter referred to as pHFO amplitude. Although pHFOs are often described clinically as brief bursts of oscillatory activity in the high gamma frequencies, the averaged pHFO envelope amplitude describes the tendency of electrodes to express pHFOs across the entire duration of the seizure epoch.
Graph theoretical analysis. We subsequently constructed connectivity (adjacency) matrices, in which each electrode was a "node" and each interelectrode PLV was an "edge," thereby creating a weighted undirected graph (Fig. 1D ). Edges within and between SOZ and non-SOZ nodes were included in the same graph, such that network properties were calculated for all electrodes. Network properties were measured by applying graph theoretical analysis with the Brain Connectivity Toolbox (Rubinov and Sporns 2010) . We selected two network properties to test, the clustering coefficient and eigenvector centrality. The former is defined by the weight of connections among neighbors of a node and the total weight of possible connections between its neighbors (Onnela et al. 2005; Yu et al. 2008) . Since all electrodes were considered potential functional neighbors, the clustering coefficient is an index of the extent to which a given electrode is embedded within a network. Eigenvector centrality identifies hub regions within a network, that is, it is a measure of the importance of a node within the network (Bonacich 1972 (Bonacich , 2007 . Scores are assigned to individual nodes based on the principle that connections to highscoring nodes contribute more to the score of the node in question than equal connections to low-scoring nodes. These two network parameters describe unique graph topologies. The former is a measure of embeddedness, whereas the latter is a tendency of nodes to form hubs. The clustering coefficient and eigenvector centrality were normalized for each patient by shuffling the edges of each graph 200 times and recalculating the graph properties at each surrogation, which resulted in a mean and standard deviation that were used to normalize the observed parameters (Fig. 1E ). The normalized network parameters were then averaged for each electrode across the different seizures recorded from each patient.
Statistical analysis. To ensure that we are able to apply parametric testing, Q-Q plots and density curves were modeled for clustering, eigenvector centrality, and pHFO amplitude. pHFO amplitude appeared to follow a logarithmic curve, and therefore the log of the pHFO envelope amplitude, which was indeed Gaussian, was used for all calculations. We considered our data as a hierarchically structured set, whereby electrodes are nested within individual subjects. To evaluate the heterogeneity within our population, we plotted the pHFO amplitudes within each subject (Fig. 2) . We also performed within-subject regressions (data not shown), both of which demonstrated considerable heterogeneity. Traditional regression analyses are limited by a single source of variability (about the regression line). A multilevel model, however, allows a separate regression model to fit multiple subgroups within the data; therefore, multiple sources of variation may be included (around a given regression line and between different regression lines of groups within the data set). This has the unique advantage of not only adjusting for heterogeneity within our data set but modeling it theoretically.
We therefore utilized multilevel mixed-effects linear regression to test the association between the SOZ or logarithm of the pHFO envelope amplitude (the independent variable) and the network properties of grid electrodes (the dependent variable). To determine whether a random intercept or random coefficient model best fit the data, we performed the log-likelihood test, which demonstrated that a random coefficient model was superior for the regression with pHFO amplitude (P Ͻ 0.0001). To preserve the degrees of freedom for the higher-level analysis, we restricted the number of patient-specific variables included in the model a priori to patient age, duration of the epilepsy, and size of the SOZ.
Given the large number of first-level observations (i.e., electrodes) included in the study, relative to the few second-level observations (i.e., subjects), the primary risk with lower-level analysis is a type I error; therefore we impose a stringent standard of statistical significance when analyzing electrode-level variables, adopting a threshold of P Ͻ 0.0001. The foremost concern with the higher-level analyses is a type II error; therefore we accept a threshold for statistical significance for patient-level variables of P Ͻ 0.05. All analyses were performed in R statistical software (R Development Core Team 2011).
RESULTS
Increased pHFO envelope amplitude within epileptogenic cortex.
A random-effects regression with the logarithm of pHFO envelope amplitude as the dependent variable and SOZ status of electrodes as the independent variable revealed that electrodes within the SOZ expressed significantly higher mean pHFO amplitudes than electrodes outside the SOZ (fixed effects ␤ 1 : 0.26; standard error: 0.063; P Ͻ 0.0001). Similarly, electrodes recording from cortical areas that were subsequently resected possessed higher pHFO mean amplitudes compared with electrodes recording nonresected regions (fixed effects ␤ 1 : 0.14; standard error: 0.017; P Ͻ 0.0001). Both effects remained significant after inclusion of the second-level effects of patient age, epilepsy duration, and SOZ size as independent variables (P Ͻ 0.0001).
SOZ functionally disconnected at high frequencies but relatively hyperconnected at slow frequencies. To test differences in functional connectivity (indexed through the network properties of clustering and centrality) of the SOZ relative to electrodes outside of the SOZ at the different frequencies, we first performed a pooled analysis (Fig. 3) . The normalized network properties of electrodes outside the SOZ showed little variability at all frequencies throughout the seizure. The functional connectivity of the SOZ electrodes, however, appeared to vary considerably across the different frequency bands and across the different points in the seizure. At slow frequencies, SOZ electrodes were more strongly embedded in the network (as measured by the clustering coefficient) and showed an increased tendency to be network hubs (as measured by eigenvector centrality) than non-SOZ electrodes. At fast frequencies (gamma, ripple, and fast ripple), the SOZ was strongly disconnected from the network. There appeared to be a dramatic transition at seizure termination characterized by loss of highfrequency cortical disconnection of the SOZ.
Because of considerable between-subject heterogeneity that must be included in the inferential statistical model, we again employed a multivariate mixed-effects linear regression to quantify the differences in functional connectivity between the two classes of electrodes (SOZ vs. non-SOZ) ( Table 2 ). For the regression, which requires contrast levels within categorical variables, the delta band was used as a contrast to the other frequencies since it is at the extreme of the frequency spectrum and we observed in the pooled analysis that functional connectivity varies approximately linearly by frequency. Non-SOZ electrodes were used as contrasts for the SOZ. Significant interactions were identified between SOZ status of electrodes and frequency. Compared with the non-SOZ, the clustering coefficient and eigenvector centrality of the SOZ decreased significantly (compared to delta) at all frequencies above alpha. This is reflected in the interaction terms between SOZ status and frequency (P Ͻ 0.0001). At seizure termination, there was no difference between the SOZ and the non-SOZ with respect to functional connectivity, and the interaction effect of highfrequency disconnection and low-frequency hyperconnection was absent. There were no significant two-way interactions between level 1 and level 2 covariates.
pHFO envelope amplitude associated with functional disconnection in the fast frequencies. We have shown that the mean pHFO envelope amplitude is elevated in the SOZ and that the SOZ is strongly disconnected at fast frequencies at the beginning and middle of seizures. Importantly, we subsequently tested whether the pHFO envelope amplitude of electrodes itself was correlated with similar frequency-dependent functional connectivity (Table 3 ). Using the mixed-effect linear regression, we evaluated the relationship between the mean pHFO envelope amplitude of electrodes and their network properties. Increasing pHFO envelope amplitude was associated with greater disconnection at fast frequencies relative to delta. The interaction term also indicates that increasing pHFO amplitude is associated with a relative hyperconnectivity at the slower frequencies relative to the higher frequencies. The interaction between pHFO amplitude and frequency remained significant in the ripple band (P Ͻ 0.0001), even at seizure termination, although the coefficient (i.e., slope) of the interaction was less than at the beginning and middle of the seizure (Table 3 ; Ϫ0.49 vs. Ϫ0.30).
DISCUSSION
Although the roles of pHFOs and network phase synchrony in epilepsy have each been subjects of tremendous research interest, the results of the present study emphasize that they are interrelated phenomena. We also uniquely demonstrate that at seizure initiation and progression the site of seizure onset is relatively functionally disconnected from surrounding cortex at beta, gamma, ripple, and fast ripple frequencies. We furthermore show a logarithmic decrease in functional connectivity in the beta, gamma, ripple, and fast ripple (32-300 Hz) bands with increasing mean pHFO envelope amplitude (i.e., increasing tendency toward epileptogenicity). These data are consistent with a growing body of work that suggests that pHFO generation is related to out-of-phase or jittered firing of neuronal assemblies (Bikson et al. 2003; D'Antuono et al. 2005; Jiruska et al. 2010; Simeone et al. 2013) . The results of the present study are also congruent with previous demonstrations of disconnection of epileptogenic cortex (Warren et al. 2010 ), which was variably expressed across different frequencies.
While cortical regions involved in epileptic networks are known to exhibit pHFOs, the present study is the first to relate pHFOs to network connectivity dynamics during seizures. Our data also indicate that epileptogenic cortex may be able to recruit widespread cortical regions during seizures through interactions mediated by long-range slow rhythms that are relatively hyperconnected to the SOZ. This is particularly relevant, as synchronization of slow rhythms is known to facilitate functional interactions among widely distributed neural populations (Llinas et al. 2005; von Stein and Sarnthein 2000) and oscillatory synchronization is thought to promote functional interactions among neurons as bursts of action potentials can be consistently exchanged during the depolarized phase of the receiving neurons' ongoing membrane potential fluctuations (Fries 2005 pHFOs are functionally disconnected at theta frequencies in the interictal period (van Diessen et al. 2013 ). The shift from disconnection to relative hyperconnection merits further characterization in future studies as an indicator of seizure onset. Our results also support the emerging notion that epilepsy is not a condition that is universally characterized by hypersynchrony and hyperconnectivity, as previously described (Penfield and Jasper 1954). In agreement with our findings, recent studies have demonstrated desynchronization of oscillatory activity among brain regions during seizures (Schindler et al. 2007a (Schindler et al. , 2007b . Using a rat model of pharmacologically induced epilepsy, Cymerblit-Sabba and Schiller found that the Values in parentheses denote SE. For frequency and SOZ ϫ frequency, contrast is delta band. *Significance at P Ͻ 0.01; †significance at P Ͻ 0.0001, which was defined a priori as the threshold for statistical significance for level 1 covariates. Values in parentheses denote SE. HFO, mean high-frequency oscillation (Ͼ80 Hz) envelope amplitude. For frequency and log(HFO) ϫ frequency, contrast is delta band. *Significance at P Ͻ 0.01, which does not meet standard of significance for lower-level covariates; †significance at P Ͻ 0.0001, which was defined a priori as the threshold for statistical significance for level 1 covariates. transition to seizures is marked by a decrease in interneuronal synchrony followed by a late resynchronization phase in hippocampal recordings (Cymerblit-Sabba and Schiller 2010) . In their decapitated rat model, Netoff and Schiff used dual-cell patch-clamp techniques while simultaneously measuring network activity within the hippocampus to show that seizures were associated with desynchronization (Netoff and Schiff 2002) . In four patients with focal epilepsy, implanted with 13-31 electrode channels each, Warren and colleagues showed that local field potential synchrony was decreased between pairs of electrodes located in the SOZ and non-SOZ in the interictal period, compared with nonepileptic control subjects (Warren et al. 2010) . Finally, studies that used methodologies similar to those in the present report have also found dynamic patterns of phase synchrony during seizures. Kramer and colleagues also showed that overall synchronization changed only weakly, although topographical connectivity changed dramatically (Kramer et al. 2010) . Furthermore, Schindler and colleagues performed a time-resolved analysis of iEEG sampled at 200 Hz, found that initial ictal desynchronization was followed by synchronization prior to the end of the seizures, and hypothesized that delayed synchronization may be a mechanism of seizure termination (Schindler et al. 2007b (Schindler et al. , 2008 .
The functional disconnection of epileptogenic cortex above the alpha band with increasing pHFO envelope amplitude may provide a physiological rationale for the use of pHFO power signatures as biomarkers for surgical mapping of seizure during resective procedures. Furthermore, the frequency-dependent functional connectivity of epileptogenic cortex may itself be further characterized as an additional marker for seizure mapping; within individual patients, topographic concentrations of beta, gamma, ripple, and fast ripple disconnection and delta and theta hyperconnectivity often corresponded to brain regions that were identified visually as epileptogenic (Fig. 4) . Future studies may also characterize the ability of these methods to complement standard mapping methods for delineation of epileptic cortex.
We have indeed identified a functional disconnection of the SOZ in the early stages of seizure activity, followed by a loss of the disconnection in the fast frequencies at seizure termination. The paradoxical relative hyperconnectivity of the SOZ at slow frequencies coincident with high-frequency disconnection during seizure initiation and propagation is noteworthy.
Cotic and colleagues have previously shown that epileptic regions that demonstrate local cross-frequency interactions are also areas of increased interelectrode coherence (Cotic et al. 2011) , and Nariai and colleagues have demonstrated a tight coupling between the phase of slow waves (defined as Յ1 Hz in their study) during epileptic spasms and ictal pHFOs (Ͼ80 Hz) (Nariai et al. 2011 ). Our present finding of elevated interregional slow frequency connectivity within the SOZ during seizure initiation and propagation adds additional emphasis on the role of slow oscillations during seizures. The importance of slow oscillatory activity in epilepsy is an emerging area of research. It has been found that seizure semiologies characterized by impaired consciousness demonstrate abnormal slow-wave activity (Yang et al. 2012) . Theta band connectivity has also been proposed as an early diagnostic test for epilepsy (Douw et al. 2010a) , and pathologically elevated theta connectivity has related to greater seizure frequency (Douw et al. 2010b ). Finally, a treatment of epilepsy, vagus nerve stimulation, has previously been shown to increase and decrease gamma and theta band connectivity, respectively, underscoring the potential relevance of our findings for seizure control (Marrosu et al. 2005) .
Mounting evidence also indicates that interactions among cortical oscillations in various frequency ranges support cognitive processing (Axmacher et al. 2010; Burgess and Ali 2002; Canolty et al. 2006; Demiralp et al. 2007; Lisman and Idiart 1995) . We speculate that relative hyperconnectivity of the SOZ in the low frequency ranges may play a causal role in ictal states characterized by impaired consciousness, especially given the role of low-frequency oscillations in the synchronization of distant networks (Buzsaki and Draguhn 2004; von Stein and Sarnthein 2000) and the role of theta-gamma interactions in conscious processing (Burgess and Ali 2002; Doesburg et al. 2009) .
A significant advantage of our study over previous work is the utility of a mixed-effects model to characterize the relationships between epileptogenic cortex, pHFO amplitude, and functional connectivity. By their nature, epileptic networks are highly heterogeneous. Mixed-effects models robustly model heterogeneity but have thus far been underutilized in the epilepsy and neural network literature. Furthermore, we analyzed a large number of electrodes, allowing us to construct robust synchronization networks, whereas previous studies Fig. 4 . Mapping of epileptogenic cortex using frequency-dependent network properties. Topographic mapping of normalized clustering coefficients in the middle of a seizure in a representative subject (subject M) in the delta and ripple bands. Colors (blue to red) denote increasing clustering coefficients; lines demarcate epileptogenic cortex. Each square represents an individual electrode. Note that epileptogenic cortical regions tend to express high delta band and low ripple band clustering. Asterisk denotes location of depth electrodes.
typically analyzed considerably fewer electrodes per subject (Schindler et al. 2007b (Schindler et al. , 2008 Warren et al. 2010) . A limitation of our study is the lack of control subjects without epilepsy, as reported by other groups (Warren et al. 2010) . Furthermore, eigenvector centrality and clustering coefficient may have been influenced by a common parameter (such as degree distribution). Further investigation is required to determine whether our findings are lesion specific. Given that cortical dysplasia represents a migration abnormality with secondary development of altered connectivity of neuronal circuits involved, the data may not be generalizable to other etiologies of medically refractory localization-related epilepsy.
Conclusions. We demonstrate a logarithmic decrease in connectivity in the beta, gamma, ripple, and fast ripple bands with increasing pHFO. Conversely, a relative increase in connectivity at delta and theta frequencies was found to be associated with high-frequency activity and the SOZ. These findings indicate that cross-frequency interactions are implicated in the initiation and propagation of seizures. Our findings establish that pHFOs and altered network synchronization in epilepsy are interrelated phenomena and encourage future studies for the evaluation of frequency-dependent functional connectivity for the mapping and treatment of epilepsy.
